The results of systematic studies of organics adsorption from aqueous solutions (at the neutral pH level) in a system of slit-like carbon pores having different sizes and oxygen groups located at the pore mouth are reported. Using molecular dynamics simulations (GROMACS package) the properties of adsorbent-adsorbate (benzene, phenol or paracetamol) as well as adsorbent-water systems are discussed. After the introduction of surface oxygen functionalities, adsorption of organic compounds decreases (in accordance with experimental data) and this is caused by the accumulation of water molecules at pore entrances. The pore blocking effect decreases with the diameter of slits and practically vanishes for widths larger than approx. 0.68 nm. We observed the increase in phenol adsorption with the rise in temperature. Moreover, adsorbed molecules occupy the external surface of the slit pores (the entrances) in the case of oxidized adsorbents. Among the studied molecules benzene, phenol and paracetamol prefer an almost flat orientation and with the rise in the pore width the number of molecules oriented in parallel decreases. The decrease or increase in temperature (with respect to 298 K) leads to insignificant changes of angular orientation of adsorbed molecules.
Introduction
Although experimental studies of organics adsorption from dilute aqueous solutions are carried out in many laboratories, the theoretical explanation of this phenomenon is still far from complete [1] [2] [3] [4] [5] [6] [7] [8] [9] . Moreno-Castilla [7] and others [8, 9] 4 www.chem.uni.torun.pl/∼aterzyk/.
pointed out the importance of three different mechanisms of adsorption from solution, namely: the π -π dispersion interaction [10] , the hydrogen bonding formation [10] and the electron donor-acceptor complex formation [11] . The first mechanism assumes interactions between organic molecules and π electrons of graphite layers. The incorporation of oxygen onto the surface leads to a decrease in the concentration of π electrons of the basal planes and a weakening of the interactions of these planes with the π electrons of the benzene ring. The hydrogen bonding formation mechanism presumes formation of the complex of solvent molecules with surface oxides. Systems created in such a way block migration of the solute molecules from the outside to the micropore structure of active carbon. The third mechanism postulates the creation of complexes between adsorbed molecules and the carbonyl groups of the carbon surface. Carbon surface functionalities during adsorption from dilute solutions usually depress adsorption, and this decrease after the incorporation of surface groups depends on the polarity of functionalities and the difference between the polarity of the solute and solvent. Of course the mechanism of adsorption is mixed; however, it was proved that, depending on the equilibrium solute mole fraction in solution, usually one mechanism predominates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The next important experimental finding is that, in most cases, the influence of carbon surface chemical composition on adsorption of organics vanishes with the rise in temperature [12, 13] .
It is obvious that the differences in the mechanisms of adsorption (more precisely, the domination of one mechanism over the others) observed by different authors can be caused by the differences in location of surface functionalities (inside pores or located at the edge of the graphite sheets) and their type, and the origin of applied carbon material [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The results of complex and systematic studies on adsorption of organics (benzene, phenol, p-nitrophenol, paracetamol, acetanilide and aniline) from dilute aqueous solutions on the series of microporous activated carbons obtained in our research group [8, 9, 14] suggest that, generally, the mechanism of adsorption is micropore filling, combined with adsorption on 'active' sites (causing the pore blocking). The decrease in adsorption after carbon oxidation was caused by the pore blocking effect, and it was also proved that this effect vanishes with the rise in temperature due to the increase in the kinetic energy of adsorbed molecules [12] [13] [14] .
Molecular dynamics (MD) simulations are widely used to obtain equilibrium, transport properties of physical systems as well as to explore the mechanisms of different processes in the nanoscale [15] [16] [17] [18] . For carbon materials this method is mainly considered to obtain insights into the mechanisms of different phenomena, for example solid deformation, metal cluster formation, the flow of fluids, adsorption, etc [17] [18] [19] [20] [21] [22] [23] [24] . MD simulations have also been successfully applied for investigation of organics adsorption/desorption from dilute solutions on isolated carbon nanotubes and (rarely) on nanotube bundles [25] [26] [27] [28] [29] [30] or inside the defected structure of activated carbons [28, [31] [32] [33] [34] . Recently we tried to determine the influence of carbon porosity and carbon surface oxidation on phenol adsorption in order to find the reason for the decrease in phenol adsorption at low coverages after carbon surface oxidation [31, 35] . Based on a realistic model of activated carbon (so-called 'hard' virtual porous carbon (VPC) models) it was shown that the pores with diameters around 0.6 nm are optimal for phenol adsorption and, after the introduction of surface oxygen functionalities, adsorption of phenol decreases (in accordance with experimental data) for all studied models. In the next paper we extended studies using three organic compounds, i.e. benzene, phenol and paracetamol adsorbed on oxidized and unoxidized 'soft' VPCs with gradual increasing porosity [35] . A quantitative agreement between simulation and experiment, i.e. the decrease in adsorption from benzene down to paracetamol, was observed. Simulation results clearly demonstrate that the balance between porosity and carbon surface chemical composition in organics adsorption on carbons together with the pore blocking determine the adsorption properties of carbons.
As was mentioned above the explanation of the mechanism of organic adsorption from aqueous solutions on activated carbons is not simple due to the mutual influence of the various factors (e.g. porosity and chemical composition of surface groups) on this process [28, [31] [32] [33] [34] . Moreover, it should be pointed out that Terzyk et al investigated models of 'hard' and 'soft' carbons [31, 35] . In such a type of structure, being very complex, some experimentally observed results can be hard to explain. Therefore, in the current study, in order to simplify the considerations, the structure of the carbonaceous adsorbents is modelled as a system of independent slit-like pores following the concept of Franklin [36] and developed by others [37] [38] [39] [40] . It should be mentioned that this shape of pores is postulated as occurring in so-called 'soft' (i.e. graphitizing) activated carbons. From the analysis of theoretical results and experimental observations one can conclude that this model (put forward many years ago) has gained wide acceptance in spite of serious shortcomings and simplifications (for example, it fails to account for the effects of the pore connectivity) [38] [39] [40] . Moreover this type of pore model is used for the evaluation of the porosity of carbonaceous materials. Namely, for infinitely long slit-like pores the set of the so-called local adsorption isotherms is generated and on the basis of the concept of the global adsorption isotherm and the experimental low-temperature nitrogen adsorption the pore-size distribution function is calculated.
It is well known that, among practical applications of activated carbons, adsorption of organics from aqueous solutions probably plays a major role. The current investigations are limited to three compounds: benzene, phenol and paracetamol (chemical compounds possessing a similar structure and various adsorption affinities to carbonaceous adsorbents; they also have been treated as probe molecules [14] ). It is also obvious that two factors determine adsorption properties of activated carbons, namely chemical composition of the carbon surface layer and the pore-size distribution. Chemical composition of the carbon surface layer is the crucial factor determining adsorption and it is not easy for evaluation. It is difficult to determine the mechanisms of adsorption in a real experiment. Therefore, the major aim of the current study is to determine the influence of carbon slit-like pore diameter as well as pore mouth oxidation on organics adsorption and kinetics of adsorption from dilute solutions in slit-like porous carbons (unoxidized as well as oxidized ones). The structure of organic compounds in pores (angular orientation) as well as the structure of water at pore entrances (density profiles) are investigated. To do this, we performed systematic molecular dynamics simulation studies. (2 ), two (3 ) or three graphene (4 ) planes from the centre of CS. All systems were studied as virgin (CS) and oxidized (CS ox). Oxygen atoms in carbonyl groups are marked in red. In the case of CS 2 or CS ox 2 half of the slit-like pore is shown. It should be noted that all animations and graphics collected in figures 1-6, 9-11, S1-S7 (available at stacks.iop.org/JPhysCM/26/055008/mmedia) and all movies were created using the VMD program [59] . 
Methods
MD simulations were performed using the Groningen machine for chemical simulation (GROMACS) v.3.2.1 [41, 42] . The canonical ensemble with Berendsen thermostat (T = 298 K) was used. This ensemble is often used for the study of carbon materials [25, 31, 35, [43] [44] [45] [46] . For arbitrarily chosen systems simulations for other temperatures (i.e. 278, 308, 328 and 348 K) were additionally carried out, to check the temperature dependence of the pore blocking mechanism. Periodic boundary conditions were used in all three directions.
Simulations were performed for the time range from 15 000 up to 100 000 ps depending on adsorbent, adsorbate, the number of studied molecules in the simulation box and the temperature. In the case of systems containing only water molecules the simulations were performed for 40 000 ps.
Studied molecules, i.e. benzene (benz), phenol (phen) and paracetamol (para)-(figure 1), were modelled using the OPLS-AA force field, projected for simulation of condensed phases [25, 28, 31, [47] [48] [49] . Using this force field we have obtained excellent reproducibility of the bulk properties of all studied adsorbents (i.e. melting and boiling point temperatures, molar volumes, RDFs, etc). The charges of atoms forming the phenol molecule were taken from the paper of Mooney et al [25, 28, 50] . For paracetamol molecules they were calculated using the DFT method B3LYP functional and basis set (b3lyp/6-31g(d,p)) implemented in the Gaussian 03 quantum chemical package [25, 28, 51] . For benzene they were taken from the paper of Jorgensen and Severance [52] . The number of solute molecules ranged from 10 up to 30 per box-figures 1 and 2 (it should be pointed out that values of adsorption of the studied systems (e.g. a = 0.000 191 mol g −1 (10 molecules and CS 2 ) or a = 0.000 341 mol g −1 (10 molecules and CS 4 ) correspond to experimental data [8, 9, 14] )).
Studied systems, i.e. carbon structures/boxes (CS) in the simulation box containing single slit-like pores, are shown in figure 1. In the current studies the hydrogen atoms are not studied, i.e. we assumed (similarly as previously [25, 28, 31, 32, 35] ) that the mass of hydrogen is too low [41, 42] and the influence of hydrogen on adsorption is negligible. As one can see the pore space was created by incomplete removal of one (2 ), two (3 ) or three graphene (4 ) planes from the central part of a CS ( is the interlayer spacing between layers, fixed as equal to 0.335 nm)-the size of simulation boxes was changed in the y direction (figures 1 and 2). In the case of 2 the doubly slit-like model was investigated due to the assumption of a comparable amount of the adsorbed and solute molecules in all pores (figures 1 and 2). In figure 1 half of the CS 2 or CS ox 2 structures were shown. In all systems carbon surface oxygen groups were introduced by the previously proposed 'virtual oxidation' procedure [25, 28, 31, 32, 35, 53] , i.e. all carbon atoms at the edge of CS were saturated with oxygen forming carbonyl groups (CS ox). Consequently, 32 (3 and 4 ) or 64 (2 ) oxygen atoms were attached. The charges of carbon and oxygen were equal to +0.5 and −0.5, respectively [31, 35, 53] . The carbon-carbon and carbon-oxygen bond lengths were assumed as equal to 0.1420 nm and 0.1233 nm, respectively [31, 35, 53] . The Lennard-Jones potential parameters for carbon were taken from [31, 35, 53, 54] . Carbon structures were treated as rigid during simulations. Water was simulated using the TIP4P model [55] . The Coulomb method was used for calculation of the electrostatic interactions (cut-offs for electrostatics and van der Waals interactions were located at 0.90 nm). The starting configuration of the box containing adsorbent with organics (in the vicinity of the slits) and water was prepared using the Genbox procedure, i.e. the standard procedure adopted in Gromacs [41, 42] . For all systems we assumed the same size in the x direction (3.87 nm) and a similar size in the z direction of simulation boxes (figure 2). Next, using the Genbox procedure (standard procedure applied in the Gromacs package [42] ), the box was filled with water. The number of water molecules in the simulation box ranged from ∼1500 up to ∼3000.
The arbitrarily chosen boxes containing initial configuration are shown in figure 2 (molecules of organic compounds are located outside the simulation box). Next, the box was equilibrated. Equilibrium of the adsorption process was checked by plotting kinetic curves [25] . For this purpose the number of adsorbed molecules inside slit-like pores was calculated. Moreover, we also monitored the number of molecules adsorbed in the internal part of a simulation box. After calculations the density of water (at T = 298 K) far from the structure was always close to 0.997 g cm −3 (33.4 molecules nm −3 ).
Density profiles of water in CS or CS ox boxes were determined assuming that the centre of water molecules is located on the oxygen atom. The equilibrated simulation systems contained only adsorbent and water molecules. Calculated in this way density (ρ) is the average from the last 3000 ps (time step, t = 0.002 ps). The simulation box was divided in the z direction on 100 layers and the density profile is estimated for each of them. In the current study density profiles related to water molecules at the pore entrances are only shown as a function of coordinates characterizing the pore entrance (i.e. x axis and y axis, see figure 1 ).
To discuss the results of simulations of the studied molecules adsorption we calculated histograms of angular orientation of all adsorbed molecules inside CS or CS ox (all pore space is analysed). We considered the calculus of vectors. At first we investigated the orientation of the benzene ring against the xz plane as the angle formed between the vector perpendicular to the plane of a benzene ring and the xz plane of finite carbon slabs of the slit-like pore (figure 1). Due to the fact that the studied molecules are not rigid we used a quasi-physical method, i.e. theory of dynamics of rotary motion [56] . Taking into account this theory, the most optimal way is to estimate the axes of a so-called inertia ellipsoid. It should be noted that the precise calculation of the inertia ellipsoid is possible only for the symmetric position of atoms in a space with reference to a common centre of mass. In the case of our studies the above-mentioned simplification cannot be used (the molecules are flexible). Therefore, we assumed approximated mathematical considerations, i.e. (i) if the position of carbon atoms of the benzene ring is known the approximated value of the perpendicular vector of rotation (ω) is calculated (ω is the normalized sum of perpendicular vectors to the plane of the carbon ring with respect to the centre of mass) and (ii) the normalized value of the vector of angular momentum is calculated on the basis of the following common equation [56] :
where J-the vector of torque, r i -the vector between the ith C atom with respect to the centre of mass of the benzene ring, m-mass of carbon atom and ω-the vector of rotation. Finally, the angle between both ω and J vectors was examined. If the chosen value of ω is one of the axes of the inertia ellipsoid the value of this angle should be equal to 0. To minimize this value a simple numerical method with gradient estimation was used [57] . This calculation allowed calculating the probability densities with the use of the following equation [58] :
where: α-the angle defining angular orientation (0 rad means the parallel orientation of a molecule and 1.57 radthe perpendicular orientation), ρ prob (α)-the probability densities for the value of α, N(α)-the number of angle values between α and α + α and N-the total number of adsorbed molecules in the pore space.
Results and discussion
In figures 3-5 the kinetic curves of benzene, phenol or paracetamol (the number of solute molecules is equal to 10, 20 or 30, respectively) adsorption in all studied structures are shown. Since a large amount of data was obtained, only selected comparative plots are presented, i.e. we focus mainly on the influence of pore entrance chemical modification on the mechanism of adsorption. From the analysis of the above-mentioned plots it is seen that accumulation of all types of organic molecules occurs in all structures spontaneously. Moreover, from the analysis of kinetic curves collected in figures 3-5 it is seen that the differences between plots can be easily observed.
The influence of pore mouth oxidation
Generally for all studied adsorbents the decrease in adsorption inside pores is observed after introduction of surface carbonyls. The results for structures containing the narrowest pores, namely CS 2 and CS ox 2 , are the most interesting (figure 3) because for those structures the largest differences are recorded in adsorption of organics in pores of initial and oxidized CS. The influence of oxygen at the pore mouth almost vanishes with the rise in pore diameter (see 3 , figure 4 ) and for the widest analysed pores, i.e. 4 ( figure 5 ). Thus, generally the mechanism of adsorption is ruled out by the rise in hydrophobic/hydrophilic interactions between water/adsorbed molecules and the carbon structure. Making the pore entrances hydrophilic causes difficult adsorption and diminishes the number of molecules inside. In CS 3 all three studied solute molecules easily penetrate the pore entrance. After oxidation (CS ox 3 ) benzene, phenol and (in smaller amounts) paracetamol have access to the pore. Finally, in the widest pores solute molecules can freely penetrate the internal pore space, and the difference between the number of molecules adsorbed inside hydrophobic and hydrophilic nanopores practically vanishes. The confirmation of the above-mentioned results can be observed in movies 1 and 2 in the supplementary data (available at stacks.iop.org/ JPhysCM/26/055008/mmedia). The first animation collects benzene adsorption (20 molecules) in CS 2 , CS ox 2 , CS 4 and CS ox 4 structures. The second movie shows the influence of oxygen groups (CS 2 and CS ox 2 ) on adsorption of paracetamol and benzene (for 20 molecules).
The influence of the number of molecules
The analysis of the influence of pore width shows that the slowest adsorption is observed for all molecules on CS 2 and CS ox 2 (figure 3, movies 1 and 2 in the supplementary data available at stacks.iop.org/JPhysCM/ 26/055008/mmedia), and adsorption inside pores having carbonyl groups is the smallest for all studied numbers of molecules in the box. For the structures 3 (figure 4) and 4 (figure 5 and movie 1 in the supplementary data available at stacks.iop.org/JPhysCM/26/055008/mmedia) the appearance of carbonyl oxygen groups (after the 'virtual oxidation' process) does not significantly influence adsorption of benzene and phenol in contrast to paracetamol, where adsorption is still affected by interaction of surface groups with water molecules. From the analysis of the initial part of the kinetic plots it is seen that the number of molecules adsorbed inside pores decreases from benzene up to paracetamol. The most important conclusions from this part of the study is that the influence of carbon surface oxidation on the rate as well as on the value of adsorption is especially observed for carbons containing the smallest micropores, with diameters in the range 0.35-0.7 nm (related to 2 and 3 structures).
Water density profiles
In order to determine the influence of surface group on adsorption of the investigated compounds the considerations are limited to a narrow slice of water molecules (perpendicular to the slit z axis), as was presented in two snapshots in figure 6 . This figure also shows the density profiles of water at the pore Figure 8 . The influence of temperature on density profiles for water at pore entrances for systems CS 2 and CS ox 2 structures (for the hydrophobic adsorbent the considerations are limited to only 298 K). In the case of these structures the doubly slit-like model was analysed. The density of water (at T = 298 K) far from the structure was always close to 33.4 molecules nm −3 .
entrances. In the 2 system one can observe a drastic rise in this density after introduction of surface oxygen groups (this is the effect due to strong interaction between water and the oxygen of surface carbonyls and this is the so-called pore blocking effect). Since this effect does not occur for a hydrophobic pore one can see that in this case studied solute molecules can easily penetrate the interior of a pore; however, the access is limited in the case of a hydrophilic pore. In this case the density profiles show also adsorption outside the slit (on the external surface; note that this effect occurs for all three adsorbates). The rise in the diameter of the pore mouth (i.e. the rise in a distance between surface carbonyls located at the pore entrance) reduces the pore blocking effect. Summing up, detailed studies of density profiles (figure 6) show that the pore blocking effect is caused by the presence of water clusters at the pore mouth and the influence of the water clusters/oxygen groups system on the adsorption of organic compounds is related to the type of analysed molecule and the pore width. Figure 7 collects the data showing the results of simulations performed for different temperatures for paracetamol (the number of solute molecules ranged from 10 up to 30) in the CS 2 and CS ox 2 structures. In our opinion these systems are excellent representations of the temperature dependence of the pore blocking effect. In this figure we collect the kinetic curves for paracetamol adsorption at arbitrarily chosen temperatures (i.e. 278, 298, 308, 328 and 348 K). One can observe that with the rise in temperature kinetic curves tend to those determined for the slit having no oxygen groups at pore entrances. This represents the vanishing of the pore blocking effect with the rise in kinetic energy of solute/solvent molecules (movie 3 in the supplementary data available at stacks.iop.org/JPhysCM/26/ 055008/mmedia). Simultaneously, in figure 8 we show how the rise in temperature reduces the density of water at the hydrophilic pore entrance.
Temperature dependence of kinetic curves

Angular orientations of adsorbed molecules inside pores
As shown in snapshots (see movies 1 and 2 in the supplementary data available at stacks.iop.org/JPhysCM/ 26/055008/mmedia) for the narrowest pores (CS 2 and CS ox 2 -figures S1 and S2 in the supplementary data available at stacks.iop.org/JPhysCM/26/055008/mmedia) we observe a flat orientation of adsorbed molecules. All organic molecules are adsorbed in the same way, due to the limited pore space. In the case of wider pores (CS 3 and CS ox 3 -figures S3 and S4 in the supplementary data available at stacks.iop.org/JPhysCM/26/055008/mmedia) the orientation of molecules gradually changes. This tendency is observed especially, for benzene, and (in smaller amounts) for phenol. The most interesting results are obtained for CS 4 and CS ox 4 (figures S5 and S6 in the supplementary data available at stacks.iop.org/JPhysCM/26/ 055008/mmedia). From the analysis of snapshots it is seen that the number of molecules forming the second layer is insignificant in comparison to those adsorbed in a monolayer. In other words, the molecules inside pores cover the flat slabs (figure 1), and are packed almost parallel with respect to graphite-like layers. However, they also cover the edges of three graphene planes located in the central part of CS. This behaviour is the most visible for the smallest molecule, i.e. benzene. Moreover, it should be noted that oxidation of the CS does not significantly change the orientation of adsorbed molecules for all studied structures. For CS 2 and CS ox 2 we observe that the angle ∼0.08 rad is the most probable for benzene ( figure 9 ). In other words, parallel orientation is seen. Moreover, a very narrow distribution is calculated (up to 0.2 rad). For phenol and paracetamol the same orientation as for benzene occurs (figure 9). Similarly as for snapshots (figures S1 and S2 in the supplementary data available at stacks.iop.org/JPhysCM/26/ 055008/mmedia), from figure 9 it is seen that the oxidation does not influence the orientation of adsorbed molecules. For larger pores (CS 3 and CS ox 3 - figure 10 ) the differences between histograms are more visible for studied molecules, especially for benzene and for all coverages. The flattest orientation (with respect to graphene-like layers) is observed for paracetamol (the most probable angle is located at approx. 1.0 rad). The opposite effect is observed for benzene, where a wide distribution of angles is obtained (flat adsorption on the xy plane is detected as well as perpendicular orientation on graphene edges). The main reason for the decrease of probability density of the vertical orientation for adsorbed benzene molecules (figures 10 and 11) is the increase of the pore width and, consequently, the pore space (benzene molecules can be adsorbed on the side wall of a slit-like pore). For the largest molecules, i.e. paracetamol, this effect is poorly visible. The behaviour of phenol molecules, due to the presence of an OH group, is similar to paracetamol. The influence of oxidation is most visible for benzene adsorption (figure 10). It should be noted that the number of adsorbed molecules (10, 20 or 30) does not significantly influence the orientation of adsorbed molecules in CS 4 and CS ox. The following tendency can be deducted: the larger the number of molecules (higher packing) the more disordered the orientation. However, the shapes of ρ prob (α) versus α curves in figure 11 are similar. From this figure it is seen that the mutual contribution of two peaks (approx. 0.2 and 1.57 rad) is various-the largest number of almost flat oriented molecules occurs for paracetamol and the smaller for benzene. Summing up, one can observe that with the rise in pore width the number of molecules having parallel orientation decreases. The rise in the size of the organic molecule leads to preferring a more flat orientation (there are smaller differences between phenol and paracetamol). A similar situation was observed previously for the results of simulation of benzene, phenol and paracetamol on carbon nanotubes, where paracetamol preferred the most flat orientation due to minimization of the solid-fluid interaction energy [25] . From the analysis of figure S7 in the supplementary data (available at stacks.iop. org/JPhysCM/26/055008/mmedia) it is seen that the influence of temperature on the angular orientation of adsorbed paracetamol is insignificant.
Conclusions
In summary, we have reported the systematic MD simulation results of benzene, phenol and paracetamol adsorption for low coverages from aqueous solutions in slit-like pores. In the initial and modified structures we observe a spontaneous adsorption process of the studied molecules. The presented results support the idea of Coughlin and Ezra [10] showing that highly hydrogen-bonded water clusters around surface oxygen groups enable the penetration of some micropores by subsequent phenol molecules. In other words, the pore blocking causes the decrease in adsorption of organic compounds. Moreover, the obtained results recover the regularities observed in real experiments, i.e. the increase in phenol adsorption with the rise in pore width and temperature [5, 8, 9, 14] . Among the studied molecules benzene, phenol and paracetamol prefer an almost flat orientation and with the rise in the pore width the number of molecules oriented in parallel decreases. Additionally, from the analysis of angular orientations of adsorbed molecules inside pores it is seen that the behaviour of adsorbed molecules is dependent on the pore width and the size of the molecule (the possibility of adsorption on the side wall of a slit-like pore). Moreover, it should be noted that oxidation of the CS does not significantly change the orientation of adsorbed molecules for all studied structures. The decrease or increase in temperature (with respect to 298 K) leads to insignificant changes of angular orientation of adsorbed molecules.
